Background: Accurate differentiation of brain infections from necrotic glioblastomas (GBMs) may not always be possible on morphologic MRI or on diffusion tensor imaging (DTI) and dynamic susceptibility contrast perfusion-weighted imaging (DSC-PWI) if these techniques are used independently. Purpose: To investigate the combined analysis of DTI and DSC-PWI in distinguishing brain injections from necrotic GBMs. Study Type: Retrospective. Population: Fourteen patients with brain infections and 21 patients with necrotic GBMs. Field Strength/Sequence: 3T MRI, DTI, and DSC-PWI. Assessment: Parametric maps of mean diffusivity (MD), fractional anisotropy (FA), coefficient of linear (CL), and planar anisotropy (CP) and leakage corrected cerebral blood volume (CBV) were computed and coregistered with postcontrast T 1 -weighted and FLAIR images. All lesions were segmented into the central core and enhancing region. For each region, median values of MD, FA, CL, CP, relative CBV (rCBV), and top 90 th percentile of rCBV (rCBV max ) were measured. Statistical Tests: All parameters from both regions were compared between brain infections and necrotic GBMs using Mann-Whitney tests. Logistic regression analyses were performed to obtain the best model in distinguishing these two conditions. Results: From the central core, significantly lower MD (0.90 3 10 23 6 0.44 3 10 23 mm 2 /s vs. 1.66 3 10 23 6 0.62 3 10 23 mm
2
/s, P 5 0.001), significantly higher FA (0.15 6 0.06 vs. 0.09 6 0.03, P < 0.001), and CP (0.07 6 0.03 vs. 0.04 6 0.02, P 5 0.009) were observed in brain infections compared to those in necrotic GBMs. Additionally, from the contrast-enhancing region, significantly lower rCBV (1.91 6 0.95 vs. 2.76 6 1.24, P 5 0.031) and rCBV max (3.46 6 1.41 vs. 5.89 6 2.06, P 5 0.001) were observed from infective lesions compared to necrotic GBMs. FA from the central core and rCBV max from enhancing region provided the best classification model in distinguishing brain infections from necrotic GBMs, with a sensitivity of 91% and a specificity of 93%. Data Conclusion: Combined analysis of DTI and DSC-PWI may provide better performance in differentiating brain infections from necrotic GBMs. D ifferentiation of patients with brain infection from those with necrotic glioblastoma (GBM) can present a diagnostic challenge. Expedient and accurate distinction between these conditions would be very important, as these entities have different clinical courses and management strategies. 1 Brain infections can be potentially cured, 2 unless appropriate treatment is delayed. 3 On the other hand, necrotic GBMs usually require detailed presurgical planning aiming at maximal safe surgical resection. Moreover, overdiagnosis of a necrotic GBM carries a burden of psychosocial ramifications for a patient. However, in view of nonspecific clinical symptoms, and equivocal findings on conventional magnetic resonance imaging (MRI), 4, 5 it is often a challenging task to accurately distinguish brain infections from necrotic GBMs. Multiple studies [6] [7] [8] [9] [10] [11] [12] [13] have reported a promising role of diffusion and perfusion MRI in studying intracranial masses. Using diffusion-weighted imaging (DWI), some studies 7, 10, 12 have reported significantly lower mean diffusivity (MD) from the central core of brain infections compared to those of necrotic GBMs. However, high diffusivity similar to that found in necrotic high-grade gliomas has also been reported in 5-21% of abscesses. [14] [15] [16] In addition, necrotic
GBMs with low MD values in the central core have also been reported, 10, 17 increasing the conundrum about the utility of DWI in differentiating the two entities. Some studies using diffusion tensor imaging (DTI) reported that infective lesions demonstrate high fractional anisotropy (FA) mimicking necrotic GBMs, 9, 18, 19 suggesting that differential diagnosis may not always be possible on the basis of diffusion imaging alone. Dynamic susceptibility contrast perfusion-weighted imaging (DSC-PWI) has also been used in differentiating infective from neoplastic lesions. 6, 7 However, some investigators reported a significantly decreased cerebral blood volume (CBV) from contrast-enhancing regions of infective lesions compared to those of necrotic neoplastic lesions, 6, 7, 11, 13 while others 20, 21 have observed similar patterns of CBV in these two types of cystic lesions. Taken together, these studies suggest that the use of diffusion or perfusion imaging alone may not always provide accurate differentiation of brain infections and necrotic GBMs. In one study, Chan et al 6 used both DWI and DSC-PWI to differentiate brain infections from necrotic gliomas. However, these two techniques were used independently and imaging parameters derived from these techniques were not synergistically integrated to obtain a reliable classification model. Additionally, comprehensive analysis of DTI data provides additional parameters such as linear and planar anisotropy coefficients (CL and CP) describing characteristics of tensor shape, and thus further elucidating tissue characterization. Using a combined analytical approach of incorporating DTI and PWI data, numerous studies [22] [23] [24] [25] have reported characterization of different types of brain tumors as well as distinction of patients with true progression from pseudoprogression exemplifying the importance of a combining the DTI and DSC-PWI analysis. Therefore, the purpose of the current study was to evaluate the potential utility of combined analysis of DTI and DSC-PWI in differentiating brain infections from necrotic GBMs.
Materials and Methods

Patients
This retrospective study was approved by the Institutional Review Board and was compliant with the Health Insurance Portability and Accountability Act. The primary inclusion criteria for patients were as follows: 1) one or more cystic/necrotic lesions with rimlike enhancement on postcontrast T 1 -weighted images, 2) no prior treatment with corticosteroids, antibiotics, or antifungal therapy. The exclusion criteria included large areas of susceptibility associated with enhancing lesions substantially degrading image quality for generation of diffusion and perfusion metrics employed in multiparametric assessment.
Based on the inclusion and exclusion criteria, a cohort of 35 patients with different brain pathologies were included in this study. The final diagnosis of the disease was confirmed by histological and microbiological analyses of a collected fluid/tissue specimen following surgical intervention (aspiration/stereotactic biopsy/ surgical resection). These patients were divided into two groups. In the first group, 14 patients (mean age standard deviation 5 50.2 6 13.3 years, males/females 5 10/4) with brain infections were included. Of these 14 patients, 12 showed negative serology for human immunodeficiency virus infection. In all cases, causative microorganisms were established, whereby eight cases were determined to be pyogenic abscess, four were confirmed for fungal abscess, one had toxoplasma abscess, and the remaining one patient had tuberculoma, who showed no overt focus of infection in the lungs. One patient with fungal abscess had two lesions, while all other patients had a solitary lesion. Therefore, a total of 15 different lesions from brain infections were considered while analyzing the data. The demographic characteristics and etiological findings from this group of patients are summarized in Table 1 . The second group comprised 21 patients with necrotic GBMs (mean 6 standard deviation 5 58.4 6 12.2 years, males/females 5 12/9). All these patients had a single lesion. The locations of necrotic GBMs were as follows: frontal (n 5 5); parietal (n 5 4); temporal (n 5 6); occipital (n 5 2); fronto-parietal (n 5 2); fronto-temporal (n 5 1); parieto-occipital (n 5 1). 
MRI
DTI
DTI data were acquired using 30 noncollinear/noncoplanar directions with a single-shot spin-echo, echo-planar read-out sequence with parallel imaging by using generalized autocalibrating partially parallel acquisition (GRAPPA) and acceleration factor of 2. The sequence parameters were as follows: TR/TE 5 5,000/86ms, NEX 5 3, field of view (FOV) 
PWI
For DSC-PWI, a bolus of contrast agent was injected with a preloading dose of 0.07 mmol/kg, which was utilized to reduce the effect of contrast agent leakage on CBV measurements. For DSC-PWI, T 2 *-weighted gradient-echo EPI was performed during the second 0.07 mmol/kg bolus of contrast agent. The injection rate was 5 ml/s for all patients and was immediately followed by a bolus injection of saline (total of 20 ml at the same rate). 
Image Processing
The diffusion-weighted images were coregistered to the nondiffusion-weighted (b 5 0) images from the DTI acquisition to minimize the artifacts induced by eddy currents and/or subject motion by using a 3D-affine transformation estimated by maximizing the mutual information between the images as described earlier. 24 The corrected raw images were combined to estimate the DTI parametric maps by using in-house developed algorithm 24 Pixelwise MD, FA, CL, and CP maps were computed. Additionally, leakage-corrected CBV maps using the c-variate function were generated from DSC-PWI data by using NordicICE software (NordicNeuroLab, Bergen, Norway). The scalar DTI, CBV maps, and FLAIR images were coregistered to contrast-enhanced T 1 -weighted images. Using contrastenhanced T 1 and FLAIR images, a semiautomatic segmentation approach was used to subdivide each lesion into two regions: the central core and enhancing region. Briefly, one region of interest (ROI) was drawn over the FLAIR abnormality on every section to create a 3D composite mask. Similarly, another mask was drawn on the contrast-enhanced T 1 -weighted images in the contralateral normal white matter (WM). The enhancing region was defined as the region with enhancement higher than mean 13 standard deviations of the signal intensity from the WM. The nonenhancing area inside the enhancing region was defined as the central core.
The median values of DTI metrics (MD, FA, CL, and CP) and CBV from the central core and enhancing region were computed for each lesion. The CBV values from these two regions were normalized by corresponding values from contralateral normal WM regions to obtain relative CBV (rCBV). In addition, the 90 th percentile of rCBV values were estimated from both regions. Instead of maximum rCBV value, the 90 th percentile of rCBV was used to represent a hot spot of a lesion to avoid the outlier and noise effect. Using histogram analysis, a previous study 26 demonstrated that only the 90 th percentile of rCBV was significantly correlated with cellular proliferation and microvascular density in high-grade gliomas. Hence, 90 th percentile of rCBV was used in the present study and was considered rCBV max . Previously, 24, 25 we reported 90 th percentile of rCBV in characterizing different brain tumors with high accuracy. Additionally, conventional MRI characteristics were evaluated to differentiate brain infections from necrotic GBMs. The following characteristics were assessed: 1) homogeneous vs. heterogeneous signal intensity pattern from the central core of lesions as visible on T 2 -FLAIR images; 2) normalized T 1 signal intensity from contrast enhancing region of lesions with respect to contralateral WM on postcontrast T 1 -weighted images; 3) volume of the central core 1 enhancing region of lesions; and 4) volume of entire hyperintense T 2 -FLAIR abnormality encompassing the lesions.
Statistical Analysis
Mann-Whitney U-tests were performed to look for differences in median values of MD, FA, CL CP, rCBV, and rCBV max from the central core and enhancing region of lesions between patients with brain infections and necrotic GBMs. Additionally, conventional imaging characteristics such as normalized T 1 signal intensity from contrast enhancing regions and volumes were compared using Mann-Whitney U-tests and signal intensity pattern from the central core of lesions on T 2 -FLAIR were compared using the chisquare test between two groups of patients. A probabilistic (P) vale of less than 0.05 was considered significant. To evaluate the potential utility of combined analysis of two techniques, all DTI and DSC-PWI parameters with a high predictive power (P < 0.20, Wald test) using univariate analysis were selected and incorporated into multivariate logistic regression analyses to determine the best classification model. To evaluate the goodness of fit for the best model, the Hosmer-Lemeshow test was performed. Additionally, a leave-one-out crossvalidation approach was applied to estimate the accuracy of the model. The receiver operating characteristic (ROC) analyses were performed by using the selected parameters and the output of the logistic regression model. Optimal cutoff values that maximize the Youden's index were determined. Sensitivity, specificity, and area under the ROC curve (AUC) were computed. In order to evaluate the performance of only DTI parameters (MD, FA, CL, and CP from the central core and enhancing region), logistic regression and ROC analyses were performed to determine the best DTI model in distinguishing brain infections from necrotic GBMs. Similar analyses using only DSC-PWI parameters (rCBV and rCBV max from the central core and enhancing region) were performed to determine the best DSC-PWI model. All statistical analyses were performed using a statistical package, SPSS for Windows (v. 18.0; Chicago, IL).
Results
Representative anatomical images, MD, FA, CL, CP, and CBV maps, each from a patient with pyogenic abscess, fungal abscess, and necrotic GBM, are shown in Figs. 1-3 /s, P 5 0.001). Additionally, significantly higher FA (0.15 6 0.06 vs. 0.09 6 0.03, P < 0.001) and CP (0.07 6 0.03 vs. 0.04 6 0.02, P 5 0.009) were observed in infective lesions than in necrotic GBMs. However, no significant differences (P > 0.05) in CL, rCBV, and rCBV max were observed between two types of lesions. Interestingly, CP was significantly (P < 0.05) greater than CL from the central core, both in brain infections and in necrotic GBMs.
From the contrast-enhancing region, significantly lower rCBV (1.91 6 0.95 vs. 2.76 6 1.24, P 5 0.031) and rCBV max (3.46 6 1.41 vs. 5.89 6 2.06, P 5 0.001) were observed from infective lesions compared with necrotic GBMs. However, no significant differences (P > 0.05) in other parameters were observed between two types of lesions. Another interesting finding was that fungal abscesses (number of lesions 5 5) had nonsignificant (P > 0.05) higher rCBV max (4.56 6 1.98 vs. 3.12 6 0.89) than pyogenic abscesses (number of lesions 5 8). Moreover, two fungal abscesses demonstrated rCBV max greater than the average of rCBV max from all necrotic GBMs.
Among parameters that showed high predictive power (P < 0.2, Wald test), FA from the central core was the single best predictor for distinguishing brain infections from necrotic GBM with an accuracy (AUC) of 0.86, a moderate 
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Month 2018sensitivity of 67%, and a specificity of 93% using a threshold FA value of 0.09. Using multivariate logistic regression analyses, FA from the central core and rCBV max from enhancing regions were the best parameters that were selected in a backward stepwise method as follows: f ½FAðcentral coreÞ; rCBVmaxðenhancing regionÞ 51=11exp½2ðb01b1FA1b2rCBVmaxÞ where b 0 5 1.50, b 1 5 -59.01, and b 2 5 1.18. This classification model distinguished brain infections from necrotic GBMs with an accuracy (AUC) of 0.95, a sensitivity of 91%, and a specificity of 93% (Fig. 6) . The summary of sensitivity and specificity for individual parameters and for the best classification model in distinguishing brain infections and necrotic GBMs is presented in Table 2 . A v 2 value of 4.83 and a P value of 0.68 were obtained from the Hosmer-Lemeshow test, reflecting an acceptable fit for the multivariate logistic regression model. Leave-one-out crossvalidation tests revealed that 88.6% of patients were correctly classified as brain infection and necrotic GBM groups by discriminatory model. When only DTI parameters were incorporated into logistic regression analyses, MD and FA from the central core and CP from enhancing region were selected in the backward stepwise method. This classification model distinguished brain infections from necrotic GBMs with an accuracy of 0.92, a sensitivity of 82%, and a specificity of 91%. On the other hand, when only DSC-PWI parameters were used in logistic regression analyses, rCBV max from the central core and rCBV and rCBV max from enhancing region were selected in the backward stepwise method. This classification model distinguished brain infections from necrotic GBMs with an accuracy of 0.90, a sensitivity of 81%, and a specificity of 86%.
Conventional MRI Characteristics
More number of lesions with brain infections (6/15, 40%) had homogeneous signal intensity from the central core on T 2 -FLAIR images than those with necrotic GBMs (6/21, 28.6%). However, this finding was not significant (P 5 0.47). In spite of large variations observed in both types of lesions, volume of the central core 1 enhancing region in brain infections (12.9 6 16.3 cm 3 ) was significantly (P 5 0.02) smaller than that of necrotic GBMs (25.7 6 13.3 cm ). ROC analysis revealed a sensitivity of 66% and a specificity of 80%. However, volume of hyperintense FLAIR abnormality was not significantly (P 5 0.33) different between brain infections (91.1 6 72.5 cm 3 ) and necrotic GBMs (106.9 6 49.8 cm 3 ). In addition, normalized T 1 signal intensity from contrast enhancing region was nonsignificantly (P 5 0.29) higher in brain infections (1.29 6 0.27) that that of necrotic GBMs (1.18 6 0.26). 
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Discussion
We report the combined utility of DTI and DSC-PWI in distinguishing brain infections from necrotic GBMs in the present study. When FA from the central core and rCBV max from enhancing region were incorporated in multivariate logistic regression analysis, a high discriminatory accuracy was observed in differentiating brain infections and necrotic GBMs. Accurate differentiation of brain infections from necrotic GBMs is essential for planning adequate treatment and for estimating clinical outcome measures and future prognosis. However, both of these conditions may present similar clinical symptoms and analogous morphological characteristics on conventional neuroimaging 4, 5 and conflicting DTI and DSC-PWI findings when these techniques are used in isolation. [14] [15] [16] [17] [18] [19] [20] [21] In this context, our study demonstrates that brain infections and necrotic GBMs can be distinguished with high sensitivity and specificity by combined use of DTI and DSC-PWI.
Restricted diffusion in brain abscesses has been reported previously, 7, 10, 12 and may facilitate their differentiation from cystic brain tumors. Consistent with these previously published reports, 7,10,12 significantly lower MD values were observed from the central core of brain infections compared to those with necrotic GBMs in the present study. These findings suggest that the central core of infective and necrotic GBM lesions may harbor differential degrees of cellularity, viscosity, and cyto-architectural composition (number of inflammatory cells, protein molecules, and arrangement of collagen fibers). 12, 27 However, MD from the central core provided only a moderate sensitivity of 76% and specificity of 85% in discriminating brain infections from necrotic GBMs in the present study. Moreover, this parameter was not selected in the multivariate logistic regression analysis. Collectively, these findings suggest that MD may not be a robust imaging biomarker for the differential diagnosis of these two conditions. Our finding is corroborated by earlier studies in which high diffusivity similar to that found in necrotic tumors has been reported in cases of both pyogenic and fungal abscesses that were untreated 14, 15 or treated conservatively. 16 On the other hand, some other studies have also reported low MD from necrotic GBMs mimicking abscesses. 10, 17 In contrast to DWI, DTI allows estimation of anisotropic water diffusion in 3D space and DTI-derived FA parameter reflects the degree of anisotropy in a tissue. 28 In the current study, significantly higher FA from the central core of lesions was observed in brain infections than in necrotic GBMs. In a previously published case study, 29 we reported high FA from the center of an actinomycotic brain infection. Additionally, markedly elevated FA (as high as normally observed from normal white matter) have been reported from cavities of brain infections 18, 19 and these FA values were significantly higher compared to those of cystic tumors. 9 It has been postulated that increased FA in abscess cavities is mainly caused by the presence of aggregated neuroinflammatory cells secondary to the release of adhesion molecules by the upregulation of antiinflammatory processes. These cell clumps become oriented and organized, resulting in high FA.
30
A comprehensive data modeling of DTI provides additional parameters such as CL and CP describing the shape of a diffusion ellipsoid. 28 These geometric indices have been used to differentiate GBMs from brain metastases and lymphomas, 31 to differentiate classic from atypical meningiomas, 32 to characterize epidermoid cysts, 33 and brain tuberculomas, 34 suggesting that directional organization of tissue microstructures provide additional information and thus assisting in further characterization of different tissue types. Using DTI, Toh et al 9 reported significantly higher CL and CP from cystic cavities of brain abscesses than from those of necrotic GBMs, supporting the notion of accumulating branching and crossing/kissing pseudofiber structures th percentiles). An asterisk (*) indicates significant difference (P < 0.05) between the two groups. Significantly higher rCBV and rCBV max were observed from enhancing region of necrotic GBMs compared to those of brain infections.
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within the abscess cavity. 19, 35 Congruent with this study, 9 significantly higher CP and a trend towards higher CL were observed from the central cores of brain infections than those of necrotic GBMs in the present study. Moreover, our result of showing significantly greater CP than CL from the central cores of brain infections and necrotic GBMs are in agreement with a prior study by Kumar et al 19 suggesting the presence of a planar model of diffusion tensor in these lesions. This interesting finding also provides a notion that CP had a greater contribution than CL to the increased FA from the central core of these lesions in the present study. When DTI parameters were incorporated into logistic regression and ROC analyses, MD and FA from the central core and CP from enhancing region were selected in the stepwise method, resulting in a sensitivity of 82% and a specificity of 91% in differentiating brain infections from necrotic GBMs in the present study. Using DSC-PWI, significantly higher median rCBV and rCBV max were noted from enhancing regions of necrotic GBMs compared to those of brain infections in the present study. Our findings are in agreement with findings from prior studies. 6, 7, 11, 13 The capsule of a brain abscess is primarily composed of relatively mature collagen fibers with a low capillary density 36 and hence, these lesions are generally associated with reduced rCBV, whereas high-grade tumors are characterized by neovascularization (increased microvascular density), 37 and therefore by high rCBV.
When DSC-PWI parameters were incorporated into logistic regression and ROC analyses, rCBV max from the central core and rCBV and rCBV max from enhancing region were selected in the stepwise method, resulting in a sensitivity of 81% and a specificity of 86% in differentiating brain infections from necrotic GBMs. Despite these promising findings between the two types of cystic lesions in the present study, two cases of fungal abscesses demonstrated rCBV max greater FIGURE 6: Receiver operating characteristic (ROC) curves for individual parameters and for the best classification model. Among all individual parameters, FA from the central core was the single best predictor for distinguishing brain infections from necrotic GBM with an accuracy (AUC) of 0.86, a moderate sensitivity of 67%, and a specificity of 93% using a threshold FA value of 0.09. Incorporation of FA from the central core and rCBV max from enhancing region in multivariate logistic regression analyses provided the best discriminatory model to distinguish brain infections from necrotic GBMs with an AUC of 0.92, a sensitivity of 91%, and a specificity of 93%. The leaveone-out crossvalidation test revealed that 88.6% of patients were correctly classified. than the average of rCBV max from all necrotic GBMs. The atypical high rCBV from the Nocardia brain abscess mimicking high-grade glioma has also been observed in a previous study. 20 Taken together, these unusual cases advocate the need of using a multimodality imaging protocol for differentiating brain infections from necrotic GBMs with great reliability. By exploiting unique strengths of DTI and PWI together, several studies 22, 25, 31 have shown the added value of combining DTI and PWI parameters in differentiating histologic grades of gliomas, subtypes of brain tumors, and true progression from pseudoprogression conditions in patients with GBMs. When this approach was extended in the present study, backward stepwise method selected FA from the central core and rCBV max from enhancing region as the best variables. When these parameters were incorporated in the multivariate logistic regression analysis, a discriminatory model with a substantial high accuracy was observed in distinguishing brain infections from necrotic GBMs. Given that FA and rCBV max reflect inherently different physiological information, we believe that these parameters were complementary and thus interacted synergistically in the regression analysis. It is likely that this interaction might have provided greater discrimination power than what would be expected from individual parameters in the differential diagnosis. As morphologic imaging characteristics are usually evaluated qualitatively to study brain lesions, assessment of these imaging features often remains observer-dependent, and hence may be limited by considerable user bias. In the present study, we sought to evaluate both qualitative and quantitative imaging characteristics in differentiating brain infections from necrotic GBMs. Signal intensity pattern from the central core and normalized signal intensity from contrast-enhancing regions were not significantly different between two types of lesions. Despite large variabilities seen in volumes of the central core 1 enhancing regions from both types of lesions, significantly smaller volumes were observed from brain infections compared to those of necrotic GBMs. However, only a moderate sensitivity of 66% and specificity of 80% were achieved in the differential diagnosis. These findings may imply that evaluations of conventional imaging features may not be reliable to distinguish brain infections from necrotic GBMs. On the contrary, techniques such as DTI and DSC-PWI are physiologically sensitive and consequently may be more accurate and reliable.
Our study is limited by a small number of brain infections. Moreover, the retrospective nature of this study might have introduced some potential bias. Despite these limitations, our findings suggest that a combined analysis of DTI and DSC-PWI data from the central cores and enhancing regions of lesions is promising in improving accuracy for distinguishing brain infections from necrotic GBMs. However, further prospective studies are warranted in a larger cohort to confirm these findings.
